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1. Introduction 
The purinergic P2X7 receptor (P2X7R) is a member of the family of ligand-gated ion 
channels composed of seven subtypes, P2X1–7. These receptors possess three subunits 
assembled as homo- or heterotrimers to make functional receptors (Nicke et al., 1998, 2005), 
which has been confirmed by atomic force microscopy (Barrera et al, 2005) and by 
crystallography (Kawate et al, 2009). The P2X7R shares an overall membrane topology with 
the other members of this family of receptors; it contains two putative pore forming 
transmembrane segments, a large cysteine-rich ligand-binding extracellular domain, and 
intracellularly located N and C termini (Surprenant et al, 1996). This subtype is structurally 
distinguished from other members of P2XRs by its long intracellular C-terminal tail with 
multiple protein and lipid interaction motifs, besides a cysteine-rich 18 – amino acid 
segment. From a pharmacological point of view, the P2X7R requires at least a 100-fold 
higher ATP concentration for activation compared to other P2XRs (North, 2002). 
Extracellular divalent cation reduction increases agonist potency (Hibell et al, 2001; Michel 
et al, 1999). Moreover, extracellular cations and chloride have important effects on the 
channel gating (Gudipaty et al., 2001; Li et al., 2003, 2008, 2010; Riedel et al., 2007b; Virginio 
et al., 1997). In this context, P2X7R activation can sustainably induce a wide range of 
different intracellular signaling responses (Dubyak, 2007; North, 2002). 
P2X7R, when activated by ATP or the potent agonist 3’-O-(4-benzoyl)benzoyl-ATP (BzATP), 
functions as a non-selective cation channel, permeant to small cations, such as Na+, K+, and 
Ca2+ and this activation mode is dependent on extracellular divalent cations (Ding & Sachs, 
2000; Jiang, 2009; Ma et al, 2006; Sperlágh et al, 2006; Virginio et al, 1997). Upon repeated or 
prolonged application of agonist, the P2X7R becomes permeable to larger molecules like 
ethidium bromide, N-methyl-D-glucamine or neurotransmitters such as glutamate and ATP 
(Faria et al, 2005, 2010; Hamilton et al, 2008; Jiang et al, 2005; Marcoli et al, 2008), a process 
termed cell “permeabilization” or large conductance channel opening. 
Up to now, several ideas have been proposed as a possible explanation to this pore opening 
(Alloisio et al, 2010; Coutinho-silva et al, 1997; Faria et al, 2005, 2009; Jiang et al, 2005; North, 
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2002; Pelegrin & Surprenant, 2006; Virginio et al, 1999; Yan et al, 2008). In a general manner, 
cell permeabilization can be observed in cell types transfected or natively expressing P2X7R, 
in contrast to Xenopus oocytes transfected cells (Petrou et al, 1997) or lymphocytes B cells of 
patients with Chronic lymphocytic leukaemia (Boldt et al, 2003; Gu et al, 2000).  
Initially, some groups have proposed that the opening of the pore associated to P2X7R 
receptor occurs after the small channel (8 pS) allosterically changes and expands over time- 
dilatation (Chaumont & Khakh, 2008; Virginio et al, 1999; Yan et al, 2008). Others have 
reported that Pannexin-1 (panx-1), a hemichannel protein, is the large conductance channel 
that opens independently of the cationic P2X7R (Locovei et al, 2007; Pelegrin & Surprenant, 
2006, 2007). On the other hand, some groups have demonstrated another putative explanation 
of the dye uptake. They have reported two possible charge selectively pathways that are 
activated by P2X7R: one for cationic and another for anionic dyes (Cankurtaran-Sayar et al, 
2009; Schachter et al, 2008). Jiang and collaborators have proposed distinct pathways to 
permeate inorganic monovalent and divalent cations, organic cations (NMDG+) and 
fluorescent dyes (Jiang et al, 2005). In addition, it has been suggested at least two different 
conductive pathways, one for Ca2+ and other for monovalent ions (Alloisio et al, 2010).  
In this context, some groups have published that the P2X7R permeabilization depends on 
intracellular factors (Donnely-Roberts et al, 2004; Faria et al, 2005, 2010; Gu et al, 2009; Le 
Stunff & Raymond, 2007; Shemon et al, 2004; Zhao et al, 2007) to occur. 
In this chapter, we come up with novel proposals of intracellular signaling regulation that 
would help us to understand about the several intriguing characteristics of the ATP-induced 
P2X7R.  
2. Intracellular signalling associated with small conductance channel 
In the P2X7R receptor gating mechanism (low conductance channel) the response to agonist 
challenge, allow rapid, non-selective passage of cations across the cell membrane. It is 
permeable to Na+ and K+ and presents high permeability to Ca2+ (North, 2002). The cellular 
response to P2X7R receptor activation after agonist exposition is generally very rapid and 
this reaction does not depend on the production and diffusion of second messengers within 
the cytosol (Burnstock, 2007; Ralevic & Burnstock, 1998). In contrast, an increase in the 
intracellular Ca2+ concentration and a consequent depolarization of the cell membrane are 
observed after the ionic channel opening, subsequently activating voltage-gated calcium 
channels. In addition, evidence indicates that the large Ca2+ ion concentration in the 
cytoplasm could activate intracellular kinases like protein kinase C (PKC), mitogen activated 
protein kinases (MAPKs), calcium–calmodulin-dependent protein kinase II (CaMKII) 
(Amstrup & Novak, 2003; Bradford & Soltoff, 2002; Heo & Han, 2006), caspases ( Orinska et 
al, 2011), phosphoinositide 3-kinase (Pi3K) (Jaques-Silva et al, 2004) and phospholipases 
(Alzola et al, 1998; Perez-Andres et al, 2002; Pochet et al, 2007). Further, other functions may 
be mediated by P2X7R receptor activation such as IL-1β maturation (Ferrari et al, 1997), 
shedding of membrane proteins (Moon et al, 2006); Src (Denlinger et al, 2001), and glycogen 
synthase kinase 3 (Ortega et al, 2009); membrane blebbing (Morelli et al, 2003). 
These different signaling pathways may contribute to a large complexity in the response of 
this receptor and it raises the question about how the correct coupling and fine tuning of the 
signaling in response to extracellular stimuli is achieved. To date, several pieces of evidence 
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have been described about the small conductance  P2X7R receptor and interactions with 
other proteins (Adinolfi et al, 2003; Antonio et al, 2011; Barbieri et al, 2008; Boumechache et 
al, 2009; Bradley et al, 2010; Denlinger et al, 2001; Guo et al, 2007; Lemaire et al, 2007; Liu et 
al, 2011; Wilson et al, 2002), mainly through its longer C-terminus region or lipids 
(Denlinger et al, 2001; Gonnord et al, 2009; Michel& Fonfria, 2007; Takenouchi et al, 2007; 
Zhao et al, 2007a, 2007b). However, there are only a few studies about the low conductance 
P2X7R receptor gating and the mechanism of transition to large conductance channel 
opening. This may be due to (i) a lack of selective agonists or antagonists only to small or 
large channel (North, 2002) or (ii) to P2X7R receptor polymorphisms or (iii) to artificial 
deletions in regions of this receptor resulting in distinct intracellular or extracellular 
regulation of this phenomenon. In this context, the concept that the C-terminal domain of 
P2X7R directly regulates a complex distinct from receptor-dependent pore activity was first 
introduced by El-Moatassim and Dubyak (El-Moatassim & Dubyak, 1992). They 
demonstrated that P2X7R receptor mediated phospholipase D (PLD) activity was dependent 
on GTP and independent of the large conductance channel opening. Another study found 
that human P2X7 receptor currents were facilitated in response to repeated or prolonged 
agonist applications, via dynamic calmodulin binding (Roger et al, 2008). This Ca2+-
dependent component is related to the uptake of large compounds seen by the pore 
complex. These and other papers (Alloysio et al, 2010; Boldt et al, 2003; Le Stunff et al, 2004) 
suggest independent intracellular signaling pathways regulating the low and large 
conductance channel associated with P2X7R .  
3. Intracellular signalling pathways associated with large conductance 
channel 
The intracellular regulation of the P2X7R associated large conductance channel opening is 
still mostly unknown. The initial suggestions for dependency of cytoplasmic factors in this 
event were originated from electrophysiological data in outside or inside out configurations 
with no large conductance channel recordings (Coutinho-Silva & Persechini, 1997; 
Persechini et al, 1998; Petrou et al, 1997). Posteriorly, other groups have investigated the 
P2X7R pore formation induced by intracellular signaling and how mutated amino acids or 
truncated regions affect functional availability of the receptor. In this line, Smart used 
truncated and single-residue-mutated P2X7R receptors in HEK-293 cells and in Xenopus 
oocytes. Truncated P2X7R at residue 581 (of 595) were not able to dye uptake, but there was 
dye uptake similarly to the wild receptor in those cells expressing the truncated P2X7R at 
position 582. In contrast, the small channel function was only suppressed in the residues 380 
(Smart et al, 2003). Two alternative splices variants were identified in the human P2X7R (one 
lacking the first transmembrane domain and the other the entire cytoplasmic tail, but they 
were compared to the full-length channel). The first variant exhibited a non-functional slow 
conductance channel, while the second did not affect the small ion channel activity, but 
affected the large conductance channel and caspase activation (Cheewatrakoolpong et al, 
2005). In addition, threonine 283 (Thr283) has been described as a critical residue in the 
ectodomain for P2X7R receptor function and it has been suggested that the intracellular 
leucine residue (P451L) alters downstream signalling independently of ion channel activity 
(Young et al, 2006). Recently, Marques-da-Silva and collaborators (Marques-da-Silva et al, 
2011) demonstrated that colchicine did not inhibit ATP-evoked currents in macrophages, 
but it decreased ATP-induced dye uptake. Large conductance channel opening on Xenopus 
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oocytes and HEK293 cells expressing P2X7R were inhibited after colchicines treatment 
(Marques-da-Silva et al, 2011). Yan described that extracellular Ca2+ concentration is a 
physiological negative modulator of the P2X7R low conductance channel without affecting 
the large conductance channel opening (Yan et al, 2011). 
There is some controversial data related to the biophysical, pharmacological or molecular 
tools that impair the actions of intracellular enzymes involved in the P2X7R pore formation. 
In one of the primary papers studying the intracellular signaling of the P2X7R large 
conductance channel, it was described that calmidazoliun, an inhibitor of the calmodulin 
protein, impaired the small channel activity, but had no effect in the large conductance 
channel opening (Virginio et al, 1997). This result was also confirmed by other groups 
(Donnelly-Roberts et al, 2004; Faria et al, 2010; Lundy et al, 2004). However, Roger and 
coworkers (Roger et al, 2008, 2010) reported that rat P2X7R induced large organic cation 
permeability ionic currents were dependent on critical residues of calmodulin binding 
domain when recorded in patch-clamp whole cell configuration. In this sense, the 
intracellular Ca2+ concentration dependence in the P2X7R pore formation is still unclear. We 
have shown in 2005 that intracellular Ca2+ acts as a second messenger in the large 
conductance channel opening in peritoneal macrophages and 2BH4 cells (Faria et al, 2005). 
Similar data were found by other groups (Cankurtaran-Sayar et al, 2009; Roger et al, 2008, 
2010; Schachter et al, 2008), but others did not observe this effect (da Cruz et al, 2006; Iglesias 
et al, 2008; Schachter et al, 2008; Virginio et al, 1999). We continued to investigate the Ca2+ 
participation in more detail, and we described a major Ca2+ dependence in the P2X7R pore 
formation, but we also observed Ca2+ independent events in the same cell types (Faria et al, 
2010). This variability in the responses may be due to preponderant expression of distinct 
P2X7R variants or activity of different large conductance channels, as was discussed above 
in the text. Phospholipase C (PLC) had no effect on P2X7R large conductance channel 
formation in THP-1 cells (Donnelly-Roberts et al, 2004), or in mouse 2BH4 cells or peritoneal 
macrophages cells (Faria et al, 2010). However, P2X7R pore formation was inhibited in 
mouse microglial cell line by PLC (Takenouchi et al, 2005). It was also shown that MAPK is 
associated with P2X7R activation (Donnelly-Roberts et al, 2004; Faria et al, 2005, 2010), but in 
other hands this was not confirmed (da Cruz et al, 2006; Michel et al, 2006). These 
discrepancies may be due to species variations, distinct intracellular machinery or 
differences in the protocol used to investigate a specific function in a same cell type (Faria et 
al, 2010). Other proteins have presented less divergent responses, such as: PKC (Donnelly-
Roberts et al, 2004; Faria et al, 2010; Shemon et al, 2004), Ca2+-insensitive Phospholipase A 
PLA  (Chaib et al, 2000), caspase-1 and-3 (Donnelly-Roberts et al, 2004; Faria et al, 2010), 
PLD (Stunff & Raymond, 2007), phosphatidylinositol 4,5-bisphosphate (PIP2) (Zhao et al, 
2007), cytoskeleton components (Marques-da-Silva et al, 2011), PI3K (Faria et al, 2010), src 
tyrosine phosphorylation (Iglesias et al, 2008), Peroxisome proliferator-activated receptor 
gamma (PPAR gamma) (Nagasawa et al, 2009a) antagonists and intracellular Ca2+ chelants 
(Faria et al, 2005, 2010). 
As mentioned above, one possible drawback in relation to these results is due to the 
diversity of responses observed in P2X7 species and cell types (Donnelly-Roberts et al, 2009; 
Michel et al, 2008). The variations may be proportional to natural P2X7R receptor 
polimorphisms and these may be, at least partially, functional promoting gain or loss of 
activity (Cheewatrakoolpong et al, 2005; Feng et al, 2006;  Masin et al, 2011; Shemon et al, 
2006). Another related factor to this matter is the native structural state of the P2X7R 
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receptor. In this line, a monoclonal antibody (Ab) to P2X7R ectodomain was used to 
immunoprecipitate the receptor complex in central and peripheral immune cells (Kim et al, 
2001b). Using western blotting, native P2X7R in peritoneal macrophage or bone marrow 
cells formed bound multimeric complex with numerous bands ranging in size from 25 up to 
250 kDa, in contrast to P2X7R from brain glia and/or astrocytes that formed only 
monomeric subunits. This result suggests differential intracellular regulation of the P2X7R 
pore in distinct cell types (Kim et al, 2001b). Li and coworkers discovered in parotid acinar 
and duct cells a cell-specific assembly and gating of the P2X7R channels, in a way that upon 
exposure to ATP, P2X7Rs are assembled into functional channels with rapid gating. In 
contrast, P2X7Rs from duct cells are preassembled and continually subject to rapid gating by 
ATP (Li et al, 2003). Recently, other researches have found distinct pathways of dye uptake, 
mediated by P2X7R receptor activation after ATP treatment, possibly through different large 
conductance channels. Schachter and collaborators compared P2X7R-associated cation and 
anionic fluorescent dyes uptake of macrophages and HEK-293 cells transfected with P2X7R 
receptor (Schachter et al, 2008). Transfected cells did not take up anionic dyes and did not 
display single channel cell-attached recordings, in contrast to the native mice peritoneal 
macrophages. Anionic and cationic dye effluxes induced by ATP treatment were 
temperature independent and dependent, respectively (Schachter et al, 2008). In addition, 
another study examined the process of dye uptake by transfected or natively expressed 
P2X7R receptor leading to the pore formation. HEK-293 cells expressing rat P2X7R was 
permeable to cationic but not to anionic dyes in a way that intracellular Ca2+ concentration 
([Ca2+]i) increase was not necessary to be activated (via 1). In the via 2, the pore was 
permeated only by lucifer yellow and it was completely dependent on [Ca2+]i for activation. 
Also, RAW 264.7 cells presented both pathways similar to the transfected cells, but they did 
not require intracellular Ca2+ (Cankurtaran-Sayar et al, 2009).  
Based on all these data from different groups suggesting that more than one pore might 
work simultaneously after ATP treatment, we describe the intracellular enzymes activated 
by the P2X7R associated large conductance channel opening compared to other large 
conductance channels.  
4. Intracellular signaling cascades activated by these pores 
Since the proteins responsible to the P2X7R large conductance channel opening are still 
largely unknown here we compare and discuss the intracellular signaling pathways and the 
possible candidates associated to the P2X7R pore formation. Among them are connexin 
hemichannels, pannexin-1, plasma membrane voltage dependent anion channel (pl-VDAC), 
maxi anion, transient receptor potential vaniloid-1 (TRPV1), transient receptor potential 
anquirin-1 (TRPA1), Maitotoxin-induced pore and Rising of intracellular Ca2+ concentration 
induced pore. 
The connexin hemichannel, a hexameric protein composed of connexin subunits expressed 
in vertebrates, was the first large conductance channel studied with functional similarity to 
P2X7R receptor large conductance channels. An initial study used two types of J774 mouse 
macrophages, one sensitive and another ATP-insensitive. In the sensitive cells, connexin-43 
(Cx43) gap junction mRNA and protein and P2X7R were expressed and the dye was taken 
up, but in the insensitive lineage there was not Cx43 expression and neither dye uptake. 
Therefore, they proposed that connexin 43 was the pore associated to P2X7R receptor (Beyer 
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& Steinberg, 1991). This concept was elegantly refuted by Alves and colleagues at least in 
peritoneal macrophages where they demonstrated that experimental conditions known to 
block hemichannels and Cx43 knockout mice maintained the P2X7R large conductance 
channel activity (Alves et al, 1996). Also, P2X7R and Cx43 are expressed in J774 macrophage 
lineage and are colocalized in the cell membrane (Fortes et al, 2004).  
In relation to the intracellular signaling cascades, connexins can be modulated in the C- 
terminal domain by phosphorylation through PKC (Bao et al, 2007; Hawat & Baroudi, 2008), 
MAPK (Bao et al, 2007), S-nytrosylation with covalent biding of nitric oxide (NO) to cysteine 
(Cys) (De Vuyst et al, 2007; Retamal et al, 2009), protein kinase A (Liu et al, 2011), intracellular 
redox potential (Retamal et al, 2007) and intracellular Ca2+ concentration (De Vuyst et al, 2006; 
Schalper et al, 2008; Thimm et al, 2005). Compared to the P2X7R receptor pore, the connexin 
hemichannel may be dependent on intracellular Ca2+, PKC and MAPK. Meanwhile, the 
unitary conductance value (20-250pS) for all known connexins are lower compared to the ones 
observed to P2X7R receptor (400pS). In addition, it has been shown that connexin hemichannel 
blockers have no effect on the P2X7R receptor pore formation (Faria et al, 2005) and this 
apparently ruled out the participation of connexins at least in cell types tested. 
Maitotoxin (MTX), a marine toxin, described to increase calcium in GH4C1 rat pituitary cells 
(Young et al, 1995), increases intracellular Ca2+ concentration leading to the opening of a 
pore with biophysical properties similar to P2X7R large conductance channel (Schilling et al, 
1999a, 1999b). The dye uptake observed after this pore opening may also be dependent on 
extracellular Ca2+ (Lundy et al, 2004; Wisnoskey et al, 2004), intracellular Ca2+ concentration 
(Wisnoskey et al, 2004), calmodulin (Donnelly-Roberts et al, 2004; Lundy et al, 2004) and 
PLC (Donnelly-Roberts et al, 2004). Although the maitotoxin pore may be functionally 
similar to the P2X7R pore, they might possess different intracellular pathways. A possible 
explanation to this fact may be that the same large conductance channel or different similar 
pores functioning in conjunction might be regulated by distinct signaling pathways  
In 2009, our group described a large conductance channel stimulated by rising of 
intracellular Ca2+ concentration recorded in cell attached patches. This pore was blocked by 
calmodulin, Calcium-calmodulin kinase type II (CamKII), PLC, MAPK and caspase-1 and-3 
antagonists and it was insensitive to PKC and P2X7R receptor antagonists (Faria et al, 2009). 
The intracellular signaling pathways modulating this pore and the one associated with 
P2X7R are distinct, but they possessed some common pathways. In addition, the pore 
induced by MTX presents large intracellular signalling similar to the pore described by us. 
Since the protein responsible for the opening of the MTX induced pore also is not 
indentified, the pore recorded in our conditions (Faria et al, 2009) may be the same as the 
MTX pore. 
Another large conductance channel, that may be activated by rising of intracellular Ca2+ 
concentration (Locovei et al, 2006; Ma et al, 2006), is the pannexin hemichannel, which is a 
hexameric protein present in vertebrates and invertebrates. However, as reported by recent 
papers, the extracellular or intracellular Ca2+ did not interfere with the pannexin activity 
(Ma et al, 2009; Pelegrin & Surprenant, 2007). This large conductance channel might be 
activated by S-nitrosylation and Src kinase (Iglesias et al, 2009; Pelegrin & Surprenant, 2006; 
Suadicani et al, 2009). P2X7R receptor large conductance channel was inhibited by RNAi to 
pannexin-1, inhibitory peptide and pannexin antagonists (Pelegrin & Surprenant, 2006). In 
contrast, other groups did not observe inhibition of the P2X7R large conductance channel 
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for pannexin-1 inhibitors or RNAi (Faria et al, 2005, 2010; Nagasawa et al, 2009b; Reyes et al, 
2008; Schchater et al, 2008; Yan et al, 2008, 2011). Up to now, for some groups the pannexin-1 
seems to be an important player in this phenomenon, but apparently this protein is working 
in conjunction with other protein(s). This information is based on the partial blockage of the 
P2X7R receptor induced dye uptake exhibited after pannexin-1 inhibition (Iglesias et al, 
2009; Locovei et al, 2007; Pelegrin & Surprenant, 2007). Alternatively, other large 
conductance channel such as MTX-induced pore (Pelegrin & Surprenant, 2007), P2X2R large 
conductance channel (Marques-da-Silva et al, 2011) and the rising of intracellular Ca2+ 
induced pore (Faria et al, 2009) were not impaired by pannexin-1 inhibitors. 
Maxi-anion channel possesses a wide nanoscopic pore suitable for nucleotide transport and 
an ATP-binding site in the middle of the pore lumen to facilitate the passage of the 
nucleotide (Sabirov & Okada, 2004). Physiologically, the same large conductance channel is 
operational in swelling-, ischemia-, and hypoxia-induced ATP release from neonatal rat 
cardiomyocytes (Dutta et al, 2004). In addition, raising the intracellular Ca2+ concentration 
(Bajnath et al, 1993; Groschner & Kukovetz, 1992; Hussy, 1992; Kawahara & Tawuka, 1991) 
as well as protein tyrosine dephosphorylation (Toychiev et al, 2009) can activate this pore. 
On the other hand, PKA (Okada et al, 1997), PKC (Kokubun et al, 1991; Saiguza & Kokubun, 
1988; Vaca & Kunze, 1993), G proteins (Schwiebert et al, 1992; Sun et al, 1993) and Src kinase 
(Kajita et al, 1995) antagonists can inhibit it. This large conductance channel also has no 
protein constituents identified so far (Sabirov & Okada et al, 2009) and there are no studies 
comparing its effects with other pores, except to pl-VDAC (Sabirov et al, 2006). 
Voltage-dependent anion channels (VDACs) were originally characterized as mitochondrial 
porins but other evidence began to accumulate that VDACs could also be expressed in the 
plasma membrane (pl-VDAC). VDAC may be activated changing the applied voltage in the 
presence of NADH (Zizi et al, 1994) and under apoptotic conditions (Elinder et al, 2005). In 
relation to the intracellular signaling pathways, there are few data up to now, but some 
groups have shown the involvement of this pore with lipid rafts (Ferrer, 2009; Herrera et al, 
2011). Moreover, the large conductance channel and pl-VDAC may be activated by excised 
patch, indicating an independence of the intracellular signals to open the large conductance 
channel (Guibert et al, 1998; Sun et al,1993). Relevant information is about the nucleotide-
binding sites in the C-terminus of the mitochondrial VDAC, which presents the same C-
terminal sequence of the pl-VDAC (Yehezkel et al, 2006). The main discrepancy in relation 
to both pores compared to the P2X7R pore is due to the lack of single channel recordings of 
the P2X7R pore in excised patches (Riedel et al, 2007). This fact may indicate that maxi anion 
and pl-VDAC pores are different compared to the P2X7R receptor pore, since they did not 
depend on cytoplasmic factors to open. But, this does not rule out the participation of this 
pore in this phenomenon. 
The capsaicin induced receptor, transient receptor potential vanilloid 1 (TRPV1), is activated 
not only by capsaicin but also by heat (>43ºC), acid and various lipids (Moran et al, 2011). 
Since capsaicin and its analogues, such as resiniferatoxin (RTX), are lipophilic, it is quite 
possible that they pass through the cell membrane and act on the binding sites present in the 
intracellular surface of TRPV1. It is a Ca2+ permeable non-specific cation channel. It was 
demonstrated that activation of native or recombinant rat TRPV1 leads to time- and agonist 
concentration-dependent increase in the relative permeability of large cations and changes 
in Ca2+ permeability (Chung et al, 2008). TRPV1 induced small channel can be modulated by 
calmodulin, PKC, PKA, intracellular Ca2+, PLC, G protein and PIP2/ Src (Bhave et al, 2002; 
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Chuang et al, 2001; Dai et al, 2004; Moriyama et al, 2003, 2005;  Sugiura et al, 2002;  
Tominaga et al, 2001). TRPV1 induced a large conductance channel similar to the P2X7R 
since it depends on the C-terminus and it is modulated by PKC phosphorylation (Chung et 
al, 2008). Although biophysically this pore is similar to the P2X7R associated pore, the 
intracellular signaling is poorly understood up to now.  
TRPA1 is a nonselective cation channel that belongs to the superfamily of mammalian TRP 
ion channels and is unique since it possesses a large number of ankyrin repeats in its N-
terminal domain (Montell, 2005). TRPA1, when activated, are permeable to small cations 
such as Ca2+, K+, Na+; simultaneously it depolarizes the plasma membrane and raises 
intracellular Ca2+, which subsequently triggers a variety of physiological responses. 
Recently, it was described that TRPA1 activation induces dye uptake, which is blocked by 
selective TRPA1 antagonists. In addition, outside-out patch recordings using N-methyl-D-
glucamine  (NMDG+) as the sole external cation and Na+ as the internal cation, TRPA1  
 
Fig. 1. Pharmacological comparison of the intracellular pathway of the pore associated with 
P2X7 receptor in different cell types. A- Whole cell experiments in mice peritoneal 
macrophages, mice cortical astrocytes or mice mesencephalic. We applied 1mM ATP, after 
the incubation of the cells with 10µM BAPTA-AM, 1µM Sb203580 or 1µM Staurosporine for 
5 minutes at 37ºC. B- The graphic represents the quantification of dye uptake experiments in 
the cell types cited above. The values represent the mean  SD of three to four experiments 
performed on different days. *p<0.05 compared with the ATP treatment of each group. 
www.intechopen.com
Intracellular Signaling Pathways Integrating the  
Pore Associated with P2X7R Receptor with Other Large Pores 
 
45 
activation results in dynamic changes in permeability to NMDG+ (Chen et al, 2008). Other 
groups have reproduced this data (Banke et al, 2010, 2011), but in every cell studied the 
intracellular signaling was not investigated. Moreover, the fact that TRPA1 associated large 
conductance channel permeates large cations in outside out configuration suggests a 
possible independence of intracellular factors. 
As we can observe above, there are diverse common intracellular signaling proteins that 
may be used in the activation of these large conductance pores. Moreover, these pores might 
be biophysically and functionally similar. Thus, when we performed assays which 
preincubated cells with intracellular signaling pathway blockers were stimulated with 1mM 
ATP, there was an activation of the large conductance channel associated to P2X7R (Figure 
1), as previously shown in our published papers (Faria et al, 2005, 2010). Using whole cell 
configuration, we used (i) neurons to evaluate the P2X7R pore formation in cells expressing 
TRPV1 and TRPA1; (ii) astrocytes to study the expression of Maxi anion, pl-VDAC, 
Connexin 43 and Pannexin-1; and (iii) macrophages to study Maitotoxin and intracellular 
Ca2+ increase induced pores. 
5. Conclusions 
Finally, based on data discussed here, several issues might explain why a common gate 
mechanism for the P2X7R pore is not yet understood: (1) a large conductance channel is 
activated by different signaling pathways; (2) these signaling cascades might be related to the 
activation of distinct pores; (3) both [(1) and (2)] mechanisms might act together in certain cells; 
(4) it might exist a gate modulator that is cell-type specific, (5) P2X7 might be part of a 
macromolecular protein complex or a protein-lipid complex. In summary, more studies are 
necessary in order to comprehend the functional mechanism of the P2X7 receptor.  
6. References 
Adinolfi E, Kim M, Young MT, Di Virgilio F, Surprenant A (2003) Tyrosine phosphorylation 
of HSP90 within the P2X7 receptor complex negatively regulates P2X7 receptors. J 
Biol Chem 278:37344–37351. 
Alloisio S, Di Garbo A, Barbieri R, Bozzo L, Ferroni S, Nobile M (2010) Evidence for two 
conductive pathways in P2X receptor: differences in modulation and selectivity. J 
Neurochem. 113, 796-806. 
Alves LA, Coutinho-Silva R, Persechini PM, Spray DC, Savino W, Campos de Carvalho AC 
(1996) Are there functional gap junctions or junctional hemichannels in 
macrophages? Blood. 88, 328-334. 
Alzola E, Pérez-Etxebarria A, Kabré E, Fogarty DJ, Métioui M, Chaïb N, Macarulla JM, 
Matute C, Dehaye JP, Marino A (1998) Activation by P2X7 agonists of two 
phospholipases A2 (PLA2) in ductal cells of rat submandibular gland. Coupling of 
the calcium-independent PLA2 with kallikrein secretion. J Biol Chem. 273, 30208-
30217. 
Amstrup J, Novak I (2003) P2X7 receptor activates extracellular signal-regulated kinases 
ERK1 and ERK2 independently of Ca2+ influx. Biochem J. 374, 51-61. 
www.intechopen.com
 
Patch Clamp Technique 
 
46
Antonio LS, Stewart AP, Xu XJ, Varanda WA, Murrell-Lagnado RD, Edwardson JM (2011) 
P2X4 receptors interact with both P2X2 and P2X7 receptors in the form of 
homotrimers. Br J Pharmacol. 163, 1069-1077. 
Bajnath RB, Groot JA, de Jonge HR, Kansen M, Bijman J (1993) Calcium ionophore plus 
excision induce a large conductance chloride channel in membrane patches of 
human colon carcinoma cells HT-29cl.19A. Experientia 1993 49, 313-316.  
Banke TG, Chaplan SR, Wickenden AD (2010) Dynamic changes in the TRPA1 selectivity 
filter lead to progressive but reversible pore dilation. Am J Physiol Cell Physiol. 
298, C1457-68.  
Banke TG (2011) The dilated TRPA1 channel pore state is blocked by amiloride and 
analogues. Brain Res 1381, 21-30.  
Bao X, Lee SC, Reuss L, Altenberg GA (2007) Change in permeant size selectivity by 
phosphorylation of connexin 43 gap-junctional hemichannels by PKC. Proc Natl 
Acad Sci U S A. 104, 4919-4924. 
Barbieri R, Alloisio S, Ferroni S, Nobile M (2008) Differential crosstalk between P2X7 and 
arachidonic acid in activation of mitogen-activated protein kinases. Neurochem Int. 
53, 255-262.  
Barrera NP, Ormond SJ, Henderson RM, Murrell-Lagnado RD, Edwardson JM. (2005) 
Atomic force microscopy imaging demonstrates that P2X2 receptors are trimers but 
that P2X6 receptor subunits do not oligomerize. J Biol Chem. 280, 10759-65.  
Beyer EC, Steinberg TH (1991) Evidence that the gap junction protein connexin-43 is the 
ATP-induced pore of mouse macrophages. J Biol Chem. 266, 7971-7974. 
Bhave G, Zhu W, Wang H, Brasier DJ, Oxford GS, Gereau RW 4th (2002) cAMP-dependent 
protein kinase regulates desensitization of the capsaicin receptor (VR1) by direct 
phosphorylation. Neuron. 2002 35, 721-731. 
Boldt W, Klapperstück M, Büttner C, Sadtler S, Schmalzing G, Markwardt F (2003) 
Glu496Ala polymorphism of human P2X7 receptor does not affect its 
electrophysiological phenotype. Am J Physiol Cell Physiol. 284, C749-56. 
Boumechache M, Masin M, Edwardson JM, Górecki DC, Murrell-Lagnado R (2009) Analysis 
of assembly and trafficking of native P2X4 and P2X7 receptor complexes in rodent 
immune cells. J Biol Chem 284, 13446-13454. 
Bradford MD, Soltoff SP (2002) P2X7 receptors activate protein kinase D and p42/p44 
mitogen-activated protein kinase (MAPK) downstream of protein kinase C. 
Biochem J 366, 745-755. 
Bradley HJ, Liu X, Collins V, Owide J, Goli GR, Smith M, Surprenant A, White SJ, Jiang LH 
(2010) Identification of an intracellular microdomain of the P2X7 receptor that is 
crucial in basolateral membrane targeting in epithelial cells. FEBS Lett. 584, 4740-
4744. 
Burnstock G (2007) Purine and pyrimidine receptors. Cell Mol Life Sci. 64, 1471-1483. 
Cankurtaran-Sayar S, Sayar K, Ugur M (2009) P2X7 receptor activates multiple selective dye-
permeation pathways in RAW 264.7 and human embryonic kidney 293 cells. Mol 
Pharmacol. 76, 1323-1332.  
Chaib N, Kabré E, Alzola E, Pochet S, Dehaye JP (2000) Bromoenol lactone enhances the 
permeabilization of rat submandibular acinar cells by P2X7 agonists. Br J 
Pharmacol. 129, 703-708. 
www.intechopen.com
Intracellular Signaling Pathways Integrating the  
Pore Associated with P2X7R Receptor with Other Large Pores 
 
47 
Chaumont S, Khakh BS (2008) Patch-clamp coordinated spectroscopy shows P2X2 receptor 
permeability dynamics require cytosolic domain rearrangements but not Panx-1 
channels. Proc Natl Acad Sci U S A. 105, 12063-12068. 
Cheewatrakoolpong B, Gilchrest H, Anthes JC, Greenfeder S (2005) Identification and 
characterization of splice variants of the human P2X7 ATP channel. Biochem 
Biophys Res Commun. 332, 17-27. 
Chen J, Zhang XF, Kort ME, Huth JR, Sun C, Miesbauer LJ, Cassar SC, Neelands T, Scott VE, 
Moreland RB, Reilly RM, Hajduk PJ, Kym PR, Hutchins CW, Faltynek CR (2008) 
Molecular determinants of species-specific activation or blockade of TRPA1 
channels. J Neurosci. 28, 5063-5071. 
Chuang HH, Prescott ED, Kong H, Shields S, Jordt SE, Basbaum AI, Chao MV, Julius D 
(2001) Bradykinin and nerve growth factor release the capsaicin receptor from 
PtdIns(4,5)P2-mediated inhibition. Nature 411, 957-962. 
Chung MK, Güler AD, Caterina MJ (2008) TRPV1 shows dynamic ionic selectivity during 
agonist stimulation. Nat Neurosci. 11, 555-564.  
Coddou C, Yan C, Obsil T, Huidobro-Toro JP, Stojilkovic SS (2011) Activation and 
Regulation of Purinergic P2X Receptor Channels. Pharmacol Rev print July 7, 2011, 
doi: 10.1124/pr.110.003129 
Coutinho-Silva R, Persechini PM (1997) P2Z purinoceptor-associated pores induced by 
extracellular ATP in macrophages and J774 cells. Am J Physiol. 273, C1793-800. 
da Cruz CM, Ventura AL, Schachter J, Costa-Junior HM, da Silva Souza HA, Gomes FR, 
Coutinho-Silva R, Ojcius DM, Persechini PM (2006) Activation of ERK1/2 by 
extracellular nucleotides in macrophages is mediated by multiple P2 receptors 
independently of P2X(7)-associated pore or channel formation. Br J Pharmacol 147, 
324–334. 
Dai Y, Moriyama T, Higashi T, Togashi K, Kobayashi K, Yamanaka H, Tominaga M, 
Noguchi K (2004) Proteinase-activated receptor 2-mediated potentiation of 
transient receptor potential vanilloid subfamily 1 activity reveals a mechanism for 
proteinase-induced inflammatory pain. J Neurosci. 24, 4293-4299. 
De Vuyst E, Decrock E, Cabooter L, Dubyak GR, Naus CC, Evans WH, Leybaert L (2006) 
Intracellular calcium changes trigger connexin 32 hemichannel opening. EMBO J. 
25, 34-44. 
De Vuyst E, Decrock E, De Bock M, Yamasaki H, Naus CC, Evans WH, Leybaert L (2007) 
Connexin hemichannels and gap junction channels are differentially influenced by 
lipopolysaccharide and basic fibroblast growth factor. Mol Biol Cell. 18, 34-46. 
Denlinger LC, Fisette PL, Sommer JA, Watters JJ, Prabhu U, Dubyak GR, Proctor RA, Bertics 
PJ. 
Cutting edge: the nucleotide receptor P2X7 contains multiple protein- and lipid-interaction 
motifs including a potential binding site for bacterial lipopolysaccharide (2001) J 
Immunol. 167, 1871-1876. 
Denlinger LC, Sommer JA, Parker K, Gudipaty L, Fisette PL, Watters JW, Proctor RA, 
Dubyak GR, Bertics PJ (2003) Mutation of a dibasic amino acid motif within the C 
terminus of the P2X7 nucleotide receptor results in trafficking defects and impaired 
function. J Immunol 171, 1304–1311 




Patch Clamp Technique 
 
48
Donnelly-Roberts DL, Namovic MT, Faltynek CR, Jarvis MF (2004) Mitogen-activated 
protein kinase and caspase signaling pathways are required for P2X7 receptor 
(P2X7R)-induced pore formation in human THP-1 cells. J Pharmacol Exp Ther 308, 
1053–1061. 
Donnelly-Roberts DL, Namovic MT, Han P, Jarvis MF (2009) Mammalian P2X7 receptor 
pharmacology: comparison of recombinant mouse, rat and human P2X7 receptors. 
Br J Pharmacol. 157, 1203-1214. 
Dubyak GR (2007). Go it alone no more--P2X7 joins the society of heteromeric ATP-gated 
receptor channels. Mol Pharmacol. 72, 1402-1405. 
Dutta AK, Sabirov RZ, Uramoto H, Okada Y (2004) Role of ATP-conductive anion channel 
in ATP release from neonatal rat cardiomyocytes in ischaemic or hypoxic 
conditions. J Physiol 559, 799-812.  
El-Moatassim C, Dubyak GR (1992) A novel pathway for the activation of phospholipase D 
by P2z purinergic receptors in BAC1.2F5 macrophages. J Biol Chem 267, 23664–
23673. 
Elinder F, Akanda N, Tofighi R, Shimizu S, Tsujimoto Y, Orrenius S, Ceccatelli S (2005) 
Opening of plasma membrane voltage-dependent anion channels (VDAC) precedes 
caspase activation in neuronal apoptosis induced by toxic stimuli. Cell Death Differ 
12, 1134-1140. 
Faria RX, Defarias FP, Alves LA (2005) Are second messengers crucial for opening the pore 
associated with P2X7 receptor? Am J Physiol Cell Physiol. 288, C260-71. 
Faria RX, Reis RA, Casabulho CM, Alberto AV, de Farias FP, Henriques-Pons A, Alves LA 
(2009) Pharmacological properties of a pore induced by raising intracellular Ca2+. 
Am J Physiol Cell Physiol. 297, C28-42. 
Faria RX, Cascabulho CM, Reis RA, Alves LA (2010) Large-conductance channel formation 
mediated by P2X7 receptor activation is regulated through distinct intracellular 
signaling pathways in peritoneal macrophages and 2BH4 cells. Naunyn 
Schmiedebergs Arch Pharmacol. 382, 73-87.  
Feng YH, Li X, Wang L, Zhou L, Gorodeski GI (2006) A truncated P2X7 receptor variant 
(P2X7-j) endogenously expressed in cervical cancer cells antagonizes the full-length 
P2X7 receptor through hetero-oligomerization. J Biol Chem. 281, 17228-17237. 
Ferrari D, Chiozzi P, Falzoni S, Dal Susino M, Melchiorri L, Baricordi OR, Di Virgilio F 
(1997) Extracellular ATP triggers IL-1 beta release by activating the purinergic P2Z 
receptor of human macrophages. J Immunol 159, 1451–1458. 
Ferrer I. (2009) Altered mitochondria, energy metabolism, voltagedependent anion channel, 
and lipid rafts converge to exhaust neurons in Alzheimer’s disease. J. Bioenerg. 
Biomembr. 41, 425–431.  
Fortes FS, Pecora IL, Persechini PM, Hurtado S, Costa V, Coutinho-Silva R, Braga MB, Silva-
Filho FC, Bisaggio RC, De Farias FP, Scemes E, De Carvalho AC, Goldenberg RC 
(2004) Modulation of intercellular communication in macrophages: possible 
interactions between GAP junctions and P2 receptors. J Cell Sci. 117, 4717-4726. 
Gonnord P, Delarasse C, Auger R, Benihoud K, Prigent M, Cuif MH, Lamaze C, 
Kanellopoulos JM (2009) Palmitoylation of the P2X7 receptor, an ATP-gated 
channel, controls its expression and association with lipid rafts. FASEB J. 23, 795-
805. 
www.intechopen.com
Intracellular Signaling Pathways Integrating the  
Pore Associated with P2X7R Receptor with Other Large Pores 
 
49 
Groschner K, Kukovetz WR (1992) Voltage-sensitive chloride channels of large conductance 
in the membrane of pig aortic endothelial cells. Pflugers Arch. 421, 209-217. 
Erratum in: Pflugers Arch 1992 Sep;421, 613. 
Gu B, Bendall LJ, Wiley JS (1998) Adenosine triphosphate-induced shedding of CD23 and L-
selectin (CD62L) from lymphocytes is mediated by the same receptor but different 
metalloproteases. Blood 92, 946–951. 
Gudipaty L, Humphreys BD, Buell G, Dubyak GR (2001) Regulation of P2X(7) nucleotide 
receptor function in human monocytes by extracellular ions and receptor density. 
Am J Physiol Cell Physiol 280, C943–C953. 
Guibert B, Dermietzel R, Siemen D (1998) Large conductance channel in plasma membranes 
of astrocytic cells is functionally related to mitochondrial VDAC-channels. Int J 
Biochem Cell Biol. 30, 379-391. 
Guo C, Masin M, Qureshi OS, Murrell-Lagnado RD (2007) Evidence for functional 
P2X4/P2X7 heteromeric receptors. Mol Pharmacol. 72, 1447-1456. 
Hamilton N, Vayro S, Kirchhoff F, Verkhratsky A, Robbins J, Gorecki DC, Butt AM (2008) 
Mechanisms of ATP- and glutamate-mediated calcium signaling in white matter 
astrocytes. Glia 56, 734-749. 
Hawat G, Baroudi G (2008) Differential modulation of unapposed connexin 43 hemichannel 
electrical conductance by protein kinase C isoforms. Pflugers Arch. 456, 519-527. 
Heo JS, Han HJ (2006) ATP stimulates mouse embryonic stem cell proliferation via protein 
kinase C, phosphatidylinositol 3-kinase/Akt, and mitogen-activated protein kinase 
signaling pathways.Stem Cells 24, 2637-2648. 
Herrera JL, Diaz M, Hernández-Fernaud JR, Salido E, Alonso R, Fernández C, Morales A, 
Marin R (2011) Voltage-dependent anion channel as a resident protein of lipid rafts: 
post-transductional regulation by estrogens and involvement in neuronal 
preservation against Alzheimer's disease. J Neurochem. 116, 820-827. doi: 
10.1111/j.1471-4159.2010.06987.x.  
Hibell AD, Thompson KM, Xing M, Humphrey PP, Michel AD (2001) Complexities of 
measuring antagonist potency at P2X(7) receptor orthologs. J Pharmacol Exp Ther. 
296, 947-57. 
Hussy N (1992) Calcium-activated chloride channels in cultured embryonic Xenopus spinal 
neurons. J Neurophysiol. 68, 2042-2050. 
Iglesias R, Locovei S, Roque A, Alberto AP, Dahl G, Spray DC, Scemes E (2008) P2X7 
receptor-Pannexin1 complex: pharmacology and signaling. Am J Physiol Cell 
Physiol. 295, C752-60.  
Iglesias R, Dahl G, Qiu F, Spray DC, Scemes E (2009) Pannexin 1: the molecular substrate of 
astrocyte "hemichannels". J Neurosci. 29, 7092-7097. 
Kawahara K, Takuwa N (1991) Bombesin activates large-conductance chloride channels in 
Swiss 3T3 fibroblasts. Biochem Biophys Res Commun. 177, 292-298. 
Kawate T, Michel JC, Birdsong WT, Gouaux E (2009) Crystal structure of the ATP-gated 
P2X(4) ion channel in the closed state. Nature. 460, 592-598. 
Kim M, Jiang LH, Wilson HL, North RA, Surprenant A (2001a) Proteomic and functional 
evidence for a P2X7 receptor signaling complex. EMBO J 20:6347–6358. 
Kim M, Spelta V, Sim J, North RA and Surprenant A (2001b) Differential assembly of rat 




Patch Clamp Technique 
 
50
Kokubun S, Saigusa A, Tamura T (1991) Blockade of Cl channels by organic and inorganic 
blockers in vascular smooth muscle cells. Pflugers Arch. 418, 204-213. 
Locovei S, Scemes E, Qiu F, Spray DC, Dahl G (2007) Pannexin1 is part of the pore forming 
unit of the P2X(7) receptor death complex. FEBS Lett 581, 483-488. 
Lundy PM, Nelson P, Mi L, Frew R, Minaker S, Vair C, Sawyer TW (2004) Pharmacological 
differentiation of the P2X7 receptor and the maitotoxin-activated cationic channel. 
Eur J Pharmacol 487, 17-28. 
Jacques-Silva MC, Rodnight R, Lenz G, Liao Z, Kong Q, Tran M, Kang Y, Gonzalez FA, 
Weisman GA, Neary JT (2004) P2X7 receptors stimulate AKT phosphorylation in 
astrocytes. Br J Pharmacol 141, 1106-1117.  
Jiang LH (2009) Inhibition of P2X(7) receptors by divalent cations: old action and new 
insight. Eur Biophys J. 38, 339-346. 
Jiang LH, Rassendren F, Mackenzie A, Zhang YH, Surprenant A, North RA (2005) N-
methyl-D-glucamine and propidium dyes utilize different permeation pathways at 
rat P2X(7) receptors. Am J Physiol Cell Physiol. 289, C1295-302. 
Le Stunff H, Auger R, Kanellopoulos J, Raymond MN (2004) The Pro-451 to Leu 
polymorphism within the C-terminal tail of P2X7 receptor impairs cell death but 
not phospholipase D activation in murine thymocytes. J Biol Chem. 279, 16918-
16926. 
Le Stunff H, Raymond MN (2007) P2X7 receptor-mediated phosphatidic acid production 
delays ATP-induced pore opening and cytolysis of RAW 264.7 macrophages. Cell 
Signal 19, 1909–1918. 
Lemaire I, Falzoni S, Leduc N, Zhang B, Pellegatti P, Adinolfi E, Chiozzi P, Di Virgilio F 
(2006) Involvement of the purinergic P2X7 receptor in the formation of 
multinucleated giant cells. J Immunol. 177, 7257-7265. 
Li Q, Luo X, Zeng W, Muallem S (2003) Cell-specific behavior of P2X7 receptors in mouse 
parotid acinar and duct cells. J Biol Chem. 278, 47554-47561. 
Li M, Chang TH, Silberberg SD, Swartz KJ (2008) Gating the pore of P2X receptor channels. 
Nat Neurosci 11, 883–887. 
Li M, Kawate T, Silberberg SD, Swartz KJ (2010) Pore-opening mechanism in trimeric P2X 
receptor channels. Nat Commun 1, 44. 
Li Q, Luo X, Muallem S (2005) Regulation of the P2X7 receptor permeability to large 
molecules by extracellular Cl- and Na+. J Biol Chem 280, 26922–26927. 
Liu Y, Xiao Y, Li Z (2011) P2X7 receptor positively regulates MyD88-dependent NF-κB 
activation. Cytokine 55, 229-236. 
Liu J, Ek Vitorin JF, Weintraub ST, Gu S, Shi Q, Burt JM, Jiang JX (2011) Phosphorylation of 
connexin 50 by protein kinase A enhances gap junction and hemichannel function. J 
Biol Chem. 286, 16914-16928. 
Locovei S, Wang J, Dahl G (2006) Activation of pannexin 1 channels by ATP through P2Y 
receptors and by cytoplasmic Ca2+. FEBS Lett 580, 239–244. 
Ma W, Korngreen A, Weil S, Cohen EB, Priel A, Kuzin L, Silberberg SD (2006) Pore 
properties and pharmacological features of the P2X receptor channel in airway 
ciliated cells. J Physiol 571, 503–517. 
Ma W, Hui H, Pelegrin P, Surprenant A (2009) Pharmacological characterization of 
pannexin-1 currents expressed in mammalian cells. J Pharmacol Exp Ther. 328, 409-
418.  
www.intechopen.com
Intracellular Signaling Pathways Integrating the  
Pore Associated with P2X7R Receptor with Other Large Pores 
 
51 
Marcoli M, Cervetto C, Paluzzi P, Guarnieri S, Alloisio S, Thellung S, Nobile M, Maura G 
(2008) P2X7 pre-synaptic receptors in adult rat cerebrocortical nerve terminals: a 
role in ATP-induced glutamate release. J Neurochem. 105, 2330-2342. 
Marques-da-Silva C, Chaves MM, Castro NG, Coutinho-Silva R, Guimaraes MZ (2011) 
Colchicine inhibits cationic dye uptake induced by ATP in P2X2 and P2X7 receptor-
expressing cells: implications for its therapeutic action  Br J Pharmacol. 163, 912-926 
Masin M, Young C, Lim K, Barnes SJ, Xu XJ, Marschall V, Brutkowski W, Mooney ER, 
Gorecki DC, Murrell-Lagnado R (2011) Expression, assembly and function of novel 
C-terminal truncated variants of the mouse P2X7 receptor: Re-evaluation of P2X7 
knockouts. Br J Pharmacol. Aug 12. doi: 10.1111/j.1476-5381.2011.01624.x. 
Michel AD, Chessell IP, Humphrey PP (1999) Ionic effects on human recombinant P2X7 
receptor function. Naunyn Schmiedebergs Arch Pharmacol. 359, 102-109.  
Michel AD, Thompson KM, Simon J, Boyfield I, Fonfria E, Humphrey PP (2006) Species and 
response dependent differences in the effects of MAPK inhibitors on P2X(7) 
receptor function. Br J Pharmacol 149, 948-957 
Michel AD, Fonfria E (2007) Agonist potency at P2X7 receptors is modulated by structurally 
diverse lipids. Br J Pharmacol. 152, 523-537. 
Michel AD, Clay WC, Ng SW, Roman S, Thompson K, Condreay JP, Hall M, Holbrook J, 
Livermore D, Senger S (2008) Identification of regions of the P2X(7) receptor that 
contribute to human and rat species differences in antagonist effects. Br J 
Pharmacol. 155, 738-751. 
Montell C (2005) The TRP superfamily of cation channels. Sci STKE 2005(272):re3. 
Moon H, Na HY, Chong KH, Kim TJ (2006) P2X7 receptor-dependent ATP-induced 
shedding of CD27 in mouse lymphocytes. Immunol Lett. 102, 98-105. 
Moran MM, McAlexander MA, Bíró T, Szallasi A (2011) Transient receptor potential 
channels as therapeutic targets. Nat Rev Drug Discov. 2011 Aug 1;10(8):601-20. doi: 
10.1038/nrd3456. 
Morelli A, Chiozzi P, Chiesa A, Ferrari D, Sanz JM, Falzoni S, Pinton P, Rizzuto R, Olson 
MF, Di Virgilio F (2003) Extracellular ATP causes ROCK I-dependent bleb 
formation in P2X7-transfected HEK293 cells. Mol Biol Cell 14, 2655-2664. 
Moriyama T, Iida T, Kobayashi K, Higashi T, Fukuoka T, Tsumura H, Leon C, Suzuki N, 
Inoue K, Gachet C, Noguchi K, Tominaga M (2003) Possible involvement of P2Y2 
metabotropic receptors in ATP-induced transient receptor potential vanilloid 
receptor 1-mediated thermal hypersensitivity. J Neurosci. 23, 6058-6062. 
Moriyama T, Higashi T, Togashi K, Iida T, Segi E, Sugimoto Y, Tominaga T, Narumiya S, 
Tominaga M (2005) Sensitization of TRPV1 by EP1 and IP reveals peripheral 
nociceptive mechanism of prostaglandins. Mol Pain 17, 1:3. 
Nagasawa K, Miyaki J, Kido Y, Higashi Y, Nishida K, Fujimoto S (2009a) Possible 
involvement of PPAR gamma in the regulation of basal channel opening of P2X7 
receptor in cultured mouse astrocytes. Life Sci 84, 825-831. 
Nagasawa K, Escartin C, Swanson RA (2009b) Astrocyte cultures exhibit P2X7 receptor 
channel opening in the absence of exogenous ligands. Glia. 57, 622-633. 
Nicke A, Bäumert HG, Rettinger J, Eichele A, Lambrecht G, Mutschler E,  Schmalzing G 
(1998)  P2X1 and P2X3 receptors form stable trimers: a novel structural motif of 
ligand-gated ion channels. EMBO J 17, 3016–3028 
www.intechopen.com
 
Patch Clamp Technique 
 
52
Nicke A, Kerschensteiner D, Soto F (2005) Biochemical and functional evidence for 
heteromeric assembly of P2X1 and P2X4 subunits. J Neurochem 92, 925–933. 
Nicke A (2008) Homotrimeric complexes are the dominant assembly state of native P2X7 
subunits. Biochem Biophys Res Commun. 377, 803-808.  
North RA (2002) Molecular physiology of P2X receptors. Physiol Rev 82, 1013–1067. 
Orinska Z, Hein M, Petersen F, Bulfone-Paus S, Thon L, Adam D (2011) Retraction: 
Extracellular ATP induces cytokine expression and apoptosis through P2X7 
receptor in murine mast cells. J Immunol. 186, 2683. 
Ortega F, Pérez-Sen R, Delicado EG, Miras-Portugal MT (2009) P2X7 nucleotide receptor is 
coupled to GSK-3 inhibition and neuroprotection in cerebellar granule neurons. 
Neurotox Res. 15(3):193-204. 
Pelegrin P, Surprenant A (2006) Pannexin-1 mediates large pore formation and interleukin-
1beta release by the ATP-gated P2X7 receptor. EMBO J 25, 5071–5082. 
Pelegrin P, Surprenant A (2007) Pannexin-1 couples to maitotoxin- and nigericin-induced 
interleukin-1beta release through a dye uptake-independent pathway. J Biol Chem. 
282, 2386-2394. 
Pérez-Andrés E, Fernández-Rodriguez M, González M, Zubiaga A, Vallejo A, García I, 
Matute C, Pochet S, Dehaye JP, Trueba M, Marino A, Gómez-Muñoz A (2002) 
Activation of phospholipase D-2 by P2X(7) agonists in rat submandibular gland 
acini. J Lipid Res. 43, 1244-1255. 
Persechini PM, Bisaggio RC, Alves-Neto JL, Coutinho-Silva R (1998) Extracellular ATP in the 
lymphohematopoietic system: P2Z purinoceptors off membrane permeabilization. 
Braz J Med Biol Res. 31, 25-34. 
Petrou S, Ugur M, Drummond RM, Singer JJ, Walsh JV Jr (1997) P2X7 purinoceptor 
expression in Xenopus oocytes is not sufficient to produce a pore-forming P2Z-like 
phenotype. FEBS Lett. 411, 339-345. 
Pochet S, Garcia-Marcos M, Seil M, Otto A, Marino A, Dehaye JP (2007) Contribution of two 
ionotropic purinergic receptors to ATP responses in submandibular gland ductal 
cells. Cell Signal. 19, 2155-2164. 
Ralevic V, Burnstock G (1998) Receptors for purines and pyrimidines. Pharmacol Rev. 50, 
413-92 
Retamal MA, Yin S, Altenberg GA, Reuss L (2009) Modulation of Cx46 hemichannels by 
nitric oxide. Am J Physiol Cell Physiol. 296, C1356-63. 
Reyes JP, Pérez-Cornejo P, Hernández-Carballo CY, Srivastava A, Romanenko VG, 
Gonzalez-Begne M, Melvin JE, Arreola J (2008) Na+ modulates anion permeation 
and block of P2X7 receptors from mouse parotid glands. J Membr Biol. 223, 73-85.  
Riedel T, Schmalzing G, Markwardt F (2007) Influence of extracellular monovalent cations 
on pore and gating properties of P2X7 receptor-operated single-channel currents. 
Biophys J. 93, 846-58. 
Roger S, Pelegrin P, Surprenant A (2008) Facilitation of P2X7 receptor currents and 
membrane blebbing via constitutive and dynamic calmodulin binding. J Neurosci 
28, 6393–6401. 
Roger S, Gillet L, Baroja-Mazo A, Surprenant A, Pelegrin P (2010) C-terminal calmodulin-
binding motif differentially controls human and rat P2X7 receptor current 
facilitation. J Biol Chem. 285, 17514-17524. 
www.intechopen.com
Intracellular Signaling Pathways Integrating the  
Pore Associated with P2X7R Receptor with Other Large Pores 
 
53 
Saigusa A, Kokubun S (1988) Protein kinase C may regulate resting anion conductance in 
vascular smooth muscle cells. Biochem Biophys Res Commun. 155, 882-889. 
Sabirov RZ, Okada Y (2004) Wide nanoscopic pore of maxi-anion channel suits its function 
as an ATP-conductive pathway. Biophys J. 87, 1672-1685. 
Sabirov RZ, Sheiko T, Liu H, Deng D, Okada Y, Craigen WJ (2006) Genetic demonstration 
that the plasma membrane maxianion channel and voltage-dependent anion 
channels are unrelated proteins. J Biol Chem281, 1897-1904.  
Schachter J, Motta AP, de Souza Zamorano A, da Silva-Souza HA, Guimarães MZ, 
Persechini PM (2008) ATP-induced P2X7-associated uptake of large molecules 
involves distinct mechanisms for cations and anions in macrophages. J Cell Sci. 121, 
3261-3270. 
Schalper KA, Palacios-Prado N, Retamal MA, Shoji KF, Martínez AD, Sáez JC (2008) 
Connexin hemichannel composition determines the FGF-1-induced membrane 
permeability and free [Ca2+]i responses. Mol Biol Cell. 19, 3501-3513. 
Schilling WP, Wasylyna T, Dubyak GR, Humphreys BD, Sinkins WG (1999a) Maitotoxin and 
P2Z/P2X(7) purinergic receptor stimulation activate a common cytolytic pore. Am 
J Physiol. 277, C766-76. 
Schilling WP, Sinkins WG, Estacion M (1999b) Maitotoxin activates a nonselective cation 
channel and a P2Z/P2X(7)-like cytolytic pore in human skin fibroblasts. Am J 
Physiol. 277, C755-65. 
Schwiebert EM, Kizer N, Gruenert DC, Stanton BA (1992) GTP-binding proteins inhibit 
cAMP activation of chloride channels in cystic fibrosis airway epithelial cells. Proc 
Natl Acad Sci U S A. 89, 10623-10627. 
Shemon AN, Sluyter R, Conigrave AD, Wiley JS (2004) Chelerythrine and other 
benzophenanthridine alkaloids block the human P2X7 receptor. Br J Pharmacol 142, 
1015–1019. 
Shemon AN, Sluyter R, Fernando SL, Clarke AL, Dao-Ung LP, Skarratt KK, Saunders BM, 
Tan KS, Gu BJ, Fuller SJ, Britton WJ, Petrou S, Wiley JS (2006) A Thr357 to Ser 
polymorphism in homozygous and compound heterozygous subjects causes absent 
or reduced P2X7 function and impairs ATP-induced mycobacterial killing by 
macrophages. J Biol Chem. 281, 2079-2086. 
Smart ML, Gu B, Panchal RG, Wiley J, Cromer B, Williams DA, Petrou S (2003) P2X7 
receptor cell surface expression and cytolytic pore formation are regulated by a 
distal C-terminal region. J Biol Chem 278, 8853–8860. 
Sperlágh B, Vizi ES, Wirkner K, Illes P (2006) P2X7 receptors in the nervous system. Prog 
Neurobiol. 78, 327-346. 
Suadicani SO, Iglesias R, Spray DC, Scemes E (2009) Point mutation in the mouse P2X7 
receptor affects intercellular calcium waves in astrocytes. ASN Neuro. 2009 Apr 
14;1(1). pii: e00005. doi: 10.1042/AN20090001. 
Sugiura T, Tominaga M, Katsuya H, Mizumura K (2002) Bradykinin lowers the threshold 
temperature for heat activation of vanilloid receptor 1. J Neurophysiol. 88, 544-548. 
Sun XP, Supplisson S, Mayer E (1993) Chloride channels in myocytes from rabbit colon are 
regulated by a pertussis toxin-sensitive G protein. Am J Physiol264, G774-85. 
Surprenant A (1996) Functional properties of native and cloned P2X receptors. Ciba Found 
Symp 198:208–219; discussion 219–222. 
www.intechopen.com
 
Patch Clamp Technique 
 
54
Takenouchi T, Ogihara K, Sato M, Kitani H (2005) Inhibitory effects of U73122 and U73343 
on Ca2+ influx and pore formation induced by the activation of P2X7 nucleotide 
receptors in mouse microglial cell line. Biochim Biophys Acta. 1726, 177-186. 
Takenouchi T, Sato M, Kitani H (2007) Lysophosphatidylcholine potentiates Ca2+ influx, 
pore formation and p44/42 MAP kinase phosphorylation mediated by P2X7 
receptor activation in mouse microglial cells. J Neurochem. 102, 1518-1532. 
Thimm J, Mechler A, Lin H, Rhee S, Lal R (2005) Calcium-dependent open/closed 
conformations and interfacial energy maps of reconstituted hemichannels. J Biol 
Chem. 280, 10646-10654.  
Tominaga M, Wada M, Masu M (2001) Potentiation of capsaicin receptor activity by 
metabotropic ATP receptors as a possible mechanism for ATP-evoked pain and 
hyperalgesia. Proc Natl Acad Sci U S A. 98, 6951-6956.  
Toychiev AH, Sabirov RZ, Takahashi N, Ando-Akatsuka Y, Liu H, Shintani T, Noda M, 
Okada Y (2009) Activation of maxi-anion channel by protein tyrosine 
dephosphorylation. Am J Physiol Cell Physiol. 297, C990-1000. 
Vaca L, Kunze DL (1993) Depletion and refilling of intracellular Ca2+ stores induce 
oscillations of Ca2+ current. Am J Physiol. 264, H1319-22.  
Virginio C, Church D, North RA, Surprenant A (1997) Effects of divalent cations, protons 
and calmidazolium at the rat P2X7 receptor. Neuropharmacology 36, 1285–1294. 
Virginio C, MacKenzie A, Rassendren FA, North RA, Surprenant A (1999) Pore dilation of 
neuronal P2X receptor channels. Nat Neurosci 2, 315–321. 
Wilson HL, Wilson SA, Surprenant A, North RA (2002) Epithelial membrane proteins 
induce membrane blebbing and interact with the P2X7 receptor C terminus. J Biol 
Chem 277:34017–34023. 
Wisnoskey BJ, Estacion M, Schilling WP (2004) Maitotoxin-induced cell death cascade in 
bovine aortic endothelial cells: divalent cation specificity and selectivity. Am J 
Physiol Cell Physiol. 287, C345-56. 
Yan Z, Li S, Liang Z, Tomić M, Stojilkovic SS (2008) The P2X7 receptor channel pore dilates 
under physiological ion conditions. J Gen Physiol. 132, 563-573. 
Yan Z, Khadra A, Sherman A, Stojilkovic SS (2011) Calcium-dependent block of P2X7 
receptor channel function is allosteric. J Gen Physiol. 138, 437-452. 
Yehezkel G, Hadad N, Zaid H, Sivan S, Shoshan-Barmatz V (2006) Nucleotide-binding sites 
in the voltage-dependent anion channel: characterization and localization. J Biol 
Chem. 281, 5938-5946.  
Young RC, McLaren M, Ramsdell JS (1995) Maitotoxin increases voltage independent 
chloride and sodium currents in GH4C1 rat pituitary cells. Nat Toxins. 3, 419-427. 
Young MT, Pelegrin P, Surprenant A (2006) Identification of Thr283 as a key determinant of 
P2X7 receptor function. Br J Pharmacol 149, 261–268. 
Zhao Q, Yang M, Ting AT, Logothetis DE (2007) PIP(2) regulates the ionic current of P2X 
receptors and P2X(7) receptor-mediated cell death. Channels (Austin) 1:46–55. 
Zizi M, Forte M, Blachly-Dyson E, Colombini M (1994) NADH regulates the gating of 
VDAC, the mitochondrial outer membrane channel. J Biol Chem 269, 1614-1626. 
www.intechopen.com
Patch Clamp Technique
Edited by Prof. Fatima Shad Kaneez
ISBN 978-953-51-0406-3
Hard cover, 356 pages
Publisher InTech
Published online 23, March, 2012
Published in print edition March, 2012
InTech Europe
University Campus STeP Ri 
Slavka Krautzeka 83/A 
51000 Rijeka, Croatia 
Phone: +385 (51) 770 447 
Fax: +385 (51) 686 166
www.intechopen.com
InTech China
Unit 405, Office Block, Hotel Equatorial Shanghai 
No.65, Yan An Road (West), Shanghai, 200040, China 
Phone: +86-21-62489820 
Fax: +86-21-62489821
This book is a stimulating and interesting addition to the collected works on Patch clamp technique. Patch
Clamping is an electrophysiological technique, which measures the electric current generated by a living cell,
due to the movement of ions through the protein channels present in the cell membrane. The technique was
developed by two German scientists, Erwin Neher and Bert Sakmann, who received the Nobel Prize in 1991 in
Physiology for this innovative work. Patch clamp technique is used for measuring drug effect against a series
of diseases and to find out the mechanism of diseases in animals and plants. It is also most useful in finding
out the structure function activities of compounds and drugs, and most leading pharmaceutical companies
used this technique for their drugs before bringing them for clinical trial. This book deals with the
understanding of endogenous mechanisms of cells and their receptors as well as advantages of using this
technique. It covers the basic principles and preparation types and also deals with the latest developments in
the traditional patch clamp technique. Some chapters in this book take the technique to a next level of
modulation and novel approach. This book will be of good value for students of physiology, neuroscience, cell
biology and biophysics.
How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:
L.G.B. Ferreira, R.A.M. Reis, L.A. Alves and R.X. Faria (2012). Intracellular Signaling Pathways Integrating the
Pore Associated with P2X7R Receptor with Other Large Pores, Patch Clamp Technique, Prof. Fatima Shad
Kaneez (Ed.), ISBN: 978-953-51-0406-3, InTech, Available from: http://www.intechopen.com/books/patch-
clamp-technique/intracellular-signaling-pathways-integrating-the-pore-associated-to-p2x7-receptor-with-other-
large-p
© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Attribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
